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Summary
Background: Reproducibility of Doppler echocardiography for assessment of inter-ventricular
and intra-left ventricular (LV) dyssynchrony, and its clinical implications, have not been estab-
lished.
Methods: Twenty-eight subjects (heart failure stages A—C, 61% with QRS≥ 120ms, ejection frac-
tion (EF) ≤35%) underwent two consecutive echo-studies within 24 h to evaluate test—re-test
reproducibility of inter-ventricular electromechanical delay (VV delay, by traditional pulsed-
Doppler), and intra-LV electromechanical delay between opposite LV walls by color-coded
Doppler tissue-velocity (COLOR-DTI), and by pulsed-Doppler tissue spectrum (PW-DTI). Repro-
ducibility of LV internal diastolic diameter (LVIDD) and of EF (by Simpson’s method) assessments
was evaluated contextually for reference.
Results: Intra-study and inter-study reproducibility of inter-ventricular and intra-LV
electromechanical dyssynchrony was in general good, and comparable to the repro-
ducibility of LVIDD and EF assessments. Between-study reproducibility of PW-TDI method
was fair, but showed poor agreement with COLOR-TDI method. In repeated stud-
ies, agreement of signiﬁcant electromechanical delay by COLOR-TDI was comparable
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to the agreement of EF≤ 35%. In the 5 patients who had simultaneously large QRS, EF≤ 35%, and
signiﬁcant inter- and intra-ventricular dyssynchrony at study #1, 3 had EF 36—40% and 1 showed
no signiﬁcant dyssynchrony by study #2.
Conclusion: In serial echocardiographic studies, Doppler echocardiography showed a good
test—re-test reproducibility for the identiﬁcation of signiﬁcant electromechanical delay. Planime-
try for EF assessment was a source of variability as relevant as Doppler echocardiography,
but COLOR-DTI may add meaningful and reproducible information to QRS duration for cardiac-
ardi
I
E
a
d
r
[
t
s
d
l
s
c
s
d
[
t
[
e
c
T
s
e
v
l
d
t
c
a
p
g
f
t
d
i
e
d
a
i
b
t
d
t
s
s
r
c
s
t
p
r
s
i
M
D
A
p
v
d
L
e
c
C
e
g
a
c
m
t
a
o
p
a
n
a
d
a
2
d
s
r
s
s
t
w
#
o
ings (R1, re-R1, and R2) obtained from 56 echocardiographic
studies in 28 participants. In addition, parts of R1 data
were re-evaluated by a second reader to test between-resynchronization therapy.
© 2010 Japanese College of C
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chocardiography allows evaluations of inter-ventricular
nd intra-left ventricular (LV) electromechanical
yssynchrony [1—3], therapeutical targets of cardiac-
esynchronization therapy in congestive heart failure
4—16]. However, echocardiographic assessment of elec-
romechanical dyssynchrony is not recommended for
creening congestive heart failure patients who are can-
idates for cardiac-resynchronization therapy [17], at
east in part because echocardiography is not considered
ufﬁciently reproducible [18].
However, acute reduction of intra-LV electromechani-
al delay by biventricular pacing [15], and pacing at LV
ite of maximum electromechanical delay, is both pre-
ictors of response to cardiac-resynchronization therapy
19]. Moreover, echocardiography contributes to the evalua-
ion of nonresponders to cardiac-resynchronization therapy
20]. Thus, standard clinical practice relies signiﬁcantly on
chocardiographic assessment of electromechanical dyssyn-
hrony in congestive heart failure patients.
In the Predictors of Response to Cardio-resynchronization
herapy (PROSPECT) multicenter non-randomized trial
tudy, variability of echocardiographic parameters of
lectromechanical dyssynchrony between-readings was ele-
ated, and considered one of the main reasons for the
ack of capability of echocardiography to identify respon-
ers to cardiac-resynchronization therapy [18]. However,
est—re-test reproducibility of electromechanical dyssyn-
hrony was not evaluated in the PROSPECT. The latter is
n important issue because in common clinical practice,
atients with congestive heart failure are evaluated in sin-
le centers for serial assessments of a number of parameters
or selection of candidates for cardiac-resynchronization
herapy, such as LV ejection fraction (EF) and LV internal
iameter, and other parameters useful to explore residual
nter- or intra-LV dyssynchrony in nonresponders [20]. To this
xtent, knowledge of the conﬁdence intervals of echocar-
iographic parameters of electromechanical dyssynchrony
ssessed in repeated studies (i.e. test—re-test variabil-
ty) is an important clinical tool to interpret differences
etween consecutive evaluations. In the present study, we
ested the hypothesis that the reproducibility of echocar-
iography for the assessment of traditional Doppler and
issue Doppler-based parameters of cardiac dyssynchrony in
erial echocardiographic evaluations (i.e. inter-study, intra-
ubjects, intra-reader, and between-reader test—re-test
eproducibility) may be close to the variability observed in
onsecutive readings of single studies (i.e. intra-study, intra-
ubjects test—re-test reproducibility); furthermore, we also
r
s
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mology. Published by Elsevier Ireland Ltd. All rights reserved.
ested the hypothesis that reproducibility of echocardiogra-
hy for the assessment of dyssynchrony may be as good as
eproducibility of echocardiographic assessment LV chamber
ize and EF, mandatory for screening and follow-up studies
n patients with congestive heart failure.
ethods
esign and patients
ccording to previous studies [21—23], we designed a
rotocol to analyze biological and technical sources of
ariability in patients (in-hospital or ambulatory, at the Car-
iology Unit, ‘‘Ospedale dei Pellegrini, Azienda Sanitaria
ocale-Napoli 1’’, Naples, Italy), willing to undergo two
chocardiographic studies 24 h apart. All subjects had indi-
ations for echocardiographic study because of stage A or
congestive heart failure, and gave informed consent to
nter the study. The study protocol conforms to the ethical
uidelines of the 1975 Declaration of Helsinki as reﬂected in
priori approval by the local institution’s human research
ommittee. Because truncated distributions of measure-
ents may inﬂuence variability for repeated measurements,
he study sample included clinically healthy subjects as well
s patients with chronic congestive heart failure in order to
btain the largest distribution of possible measurements for
arameters of LV size, systolic function, and dyssynchrony,
lso considering that patients with heart failure may have
ormal LVEF, and that LV dyssynchrony may be present in the
bsence of large QRS as well as in those without severely
epressed LVEF [24]. According to a pre-deﬁned protocol,
single operator performed two studies per subject within
4 h, using the same echocardiographic machine and a stan-
ardized echocardiographic protocol. A pre-speciﬁed and
tandardized reading protocol was also applied. The ﬁrst
eader evaluated the ﬁrst study immediately, the second
tudy in a random sequence 1—3 months later, and the ﬁrst
tudy was re-evaluated in random sequence after an addi-
ional 1—3 months. Therefore, by study protocol, 3 readings
ere available for each parameter: readings of the study
1 (R1), re-readings of the study #1 (re-R1) and readings
f the study #2 (R2). Thus, the dataset comprised 84 read-eader intra-study variability. Treatment regimen remained
table between the two echocardiographic studies; however,
hanges in clinical conditions requiring treatment regimen
odiﬁcation represented an exclusion criterion. In fact,
r assessment of electromechanical dyssynchrony: 273
Table 1 Sample study characteristics.
Sample size 28
Age, years 58± 18
Male gender, % 86
History of myocardial infarction, % 64
Idiopathic dilated cardiomyopathy, % 18
History of chronic heart failure, % 64
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heart rate (68± 5 bpm vs. 68± 6 bpm) and blood pressure
did not differ between R1 and R2 (121/74± 21/11mm Hg
vs. 120/78± 21/9mm Hg) (both p > 0.5). In addition, we
excluded a priori subjects with atrial ﬁbrillation, and those
with frequent ventricular or supraventricular ectopic beats.
Echocardiographic procedures
Echocardiographic studies were performed by a commer-
cially available echocardiographic machine (GE VIVID 7,
GE, Horten, Norway, BT 6.0.1), using a broadband trans-
ducer (MS4), and second harmonic modality 1.7—3.4MHz
or 1.9—3.8MHz when needed applying current standards
[1—3,21—23,25,26]. Digital loops of 4 cardiac cycles were
stored while patients held their breath.
Traditional echocardiographic methodology
LV internal diastolic diameter (LVIDD), LVEF by Simpson’s
method, transaortic, and trans-pulmonary ﬂows by tradi-
tional pulsed-Doppler was evaluated by standard methods
[22,23,25,27]. LV and right ventricular (RV) pre-ejection
times were measured as the time between QRS-onset and
trans-valvular ﬂow onset; low-velocity reject ﬁlter was
appropriately reduced for optimal visualization of Doppler
spectrum.
Pulsed-Doppler issue imaging
Pulsed-Doppler tissue interrogation (PW-DTI, pulse repeti-
tion frequency ≥250Hz) was used to evaluate myocardial
velocities by placing a 6-mm wide sample volume on the
mitral anulus at the 4 LV corners (inferior septum, antero-
lateral in apical 4 chamber view, anterior and inferior in
apical 2 chamber view), minimizing the angle between the
Doppler cursor beam and the longitudinal direction of the
mitral annular motion.
Color-coded tissue-velocity imaging
Two-dimensional echocardiography with over-imposed
color-coded myocardial velocity map (COLOR-DTI) was
performed; sector size, depth, and two-dimensional gain
were adjusted to obtain highest possible pulse repetition
frequency and frame rate, and best color saturation avoid-
ing tissue-velocity aliasing (frame rate between 90 and
>200 frames/s; pulse repetition frequencies between 500Hz
and 1 kHz, aliasing velocities between 12 and 32 cm/s).
COLOR-DTI aliasing velocity was set as ±20 cm/s for patients
with normal LVEF, and reduced to ±16 or ±12 cm/s for
those with moderately or severely reduced EF.Inter-ventricular dyssynchrony
Inter-ventricular electromechanical delay (VV delay) was
calculated as the difference between LV and RV pre-ejection
times.
e
t
m
SQRS width ≥120ms and ejection
fraction ≤ 35% and New York Heart
Association class I/III, %
60
ntra-LV dyssynchrony
-mode based methodology to assess intra-LV dyssynchrony
as not evaluated because it was previously demon-
trated that such a method is feasible in approximately
0% of the candidates to cardio-resynchronization therapy
17,28].
By PW-TDI, myocardial-systolic-wave (S) was identiﬁed
ith reference to the QRS as the ﬁrst positive wave peaking
fter aortic valve opening using LV pre-ejection time for ref-
rence. Electromechanical activation of each segment was
eﬁned as the time between QRS-onset and the S onset (Ts-
nset). Acquisition of time-to-peak S by PW-DTI was initially
lanned and subsequently aborted after an interim analysis
n the ﬁrst 5 cases revealed excessive intra- and inter-
tudy variability, consistent with other reports [2,29]. Thus,
y PW-DTI, Ts-onset (septal-anterolateral) measured elec-
romechanical delay between anterolateral wall and inferior
nter-ventricular septum, and Ts-onset (inferior—anterior)
easured the electromechanical delay between the ante-
ior and the inferior walls, with greater values indicating
reater electromechanical delay between opposite walls
6]. Maximum electromechanical delay at basal LV segments
longest—shortest Ts-onset [5]) was assessed only by PW-
TI because it was demonstrated previously that COLOR-DTI
ethod is not reproducible for the assessment of such a
arameter [30].
By COLOR-DTI, a 4-basal segments approach required
fﬂine reconstruction of the myocardial velocity curves.
reliminarily, transaortic ﬂow was used to mark LV ejec-
ion phase. A 4-mm wide and 8-mm long sample volume
as placed at the basal portion of the inferior septum and
f the anterolateral wall in end-systole (marker of aortic
alve closure), using manual tracking function for back-
epositioning the region of interest on the basal segment at
nd-diastole [31]. Electromechanical delay between oppo-
ite walls was measured as the time elapsing between the
eak systolic velocities, i.e. Ts-peak (septa-anterolateral)
nd Ts-peak (inferior—anterior), with greater values indi-
ating greater electromechanical delay between opposite
alls. Identiﬁcation of the reference regional peak systolic
elocity was based on the highest velocity obtained during
V ejection phase; eventually, controversies were resolved
y converting TDI curves in regional longitudinal strain to
xclude systolic peak due to tracking rather than to longi-
udinal contractility.
Secondly, the standard deviation of the time-to-peak
yocardial systolic velocity from 12 segments explored (Ts-
D), 6 basal and 6 at mid-cavity segments in apical 4, 2
274 V. Palmieri et al.
Table 2 Test—re-test reproducibility intra-reader, intra-, and inter-study.
Parameter R1 re-R1 R2 Intraclass correlation
coefﬁcients and their 95%
conﬁdence intervals
R1 vs. re-R1 R2 vs. R1
N 28 28 28
Ts-SD, ms 45± 22 42± 19 44± 23 0.90 (0.80—0.94) 0.88 (0.75—0.95)
Ts-peak
(anterolateral—inferior
septal), ms
54± 81 60± 91 53± 90 0.94 (0.89—0.99) 0.97 (0.93—0.98)
Ts-onset
(anterolateral—inferior
septal), ms
−6± 42 0± 41 −22± 38 0.91 (0.81—0.98) 0.63 (0.31—0.82)
Ts-peak
(anterior—inferior), ms
−17± 105 −14± 120 −19± 111 0.98 (0.97—0.99) 0.97 (0.93—0.98)
Ts-onset
(anterior—inferior), ms
24± 27 19± 36 25± 29 0.73 (0.49—0.87) 0.70 (0.44—0.86)
LV pre-ejection time, ms 102± 37 101± 36 102± 38 0.98 (0.95—0.99) 0.97 (0.94—0.99)
RV pre-ejection time, ms 73± 22 74± 20 72± 20 0.93 (0.85—0.97) 0.93 (0.86—0.97)
VV delay, ms 31± 26 28± 27 30± 27 0.91 (0.83—0.96) 0.90 (0.79—0.95)
LVIDD, cm 6.3± 1.0 6.2± 1.0 6.1± 1.0 0.97 (0.94—0.98) 0.96 (0.94—0.99)
EF, % 40± 18 42± 18 42± 19 0.94 (0.88—0.97) 0.95 (0.89—0.98)
R1, data from ﬁrst reading of the ﬁrst exam; re-R1, data from re-readings of the ﬁrst exam; R2, data from readings of the second exam; Ts-
SD, standard deviation of the 12-basal and mid-left ventricular segments based time-to-peak myocardial systolic velocities; Ts-peak, time
between the peak of the myocardial systolic wave by color-coded tissue Doppler imaging at the basal myocardial segments of opposite
walls; Ts-onset, difference between QRS-onset-to-myocardial-systolic-wave onset by pulsed wave tissue spectral Doppler sampled at the
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EF, LV ejection fraction by Simpson’s method. All p for paired com
sample are reported in the text.
hamber and long-axis views, was obtained by methods
escribed previously [10]. The time-to-peak S was analyzed
ithin a temporal gate deﬁned from 60ms from the QRS
n patients with narrow QRS, or 100ms from QRS-onset in
atients with wide QRS, to 50ms after aortic valve closure
dentiﬁed by the end of the transaortic ﬂow. The time to
igher peak myocardial velocity in the region of interest
as identiﬁed automatically, but reviewed, approved, or
orrected by the operator when needed.
tatistical analysis
nalysis of variance for repeated measurements was used to
valuate between-study differences. Intraclass correlation
oefﬁcients of reliability and their 95% conﬁdence inter-
al [32] were estimated using SPSS for Windows (release
.0.1, February 1999, Copyright SPSS Inc., Chicago, IL, USA),
ccording to a two-way random model for absolute agree-
ent, as in previous similar studies [21,22]. Higher intraclass
orrelation coefﬁcient values indicate higher reproducibil-
ty of measurements. Systematic errors across the range
f measurements were explored according to procedures
escribed by Bland—Altman [33] reporting conﬁdence inter-
als of between-reading differences estimated at 90% and
0%. In Table 3, the proportion of subjects classiﬁed as hav-
ng inter- and intra-ventricular dyssynchrony using data from
he three sets of readings are reported with reference to
1. The Cohen’s kappa statistic was performed as measure
f between-study agreement. Higher kappa indicated higher
c
I
t
dht ventricular; LVIDD, left ventricular internal diastolic diameter;
sons =NS. Demographics and clinical characteristics of the study
etween-study agreement. For all tests, null-hypothesis was
ejected for two-tailed p < 0.05.
esults
tudy sample characteristics
ain characteristics of the study sample are reported in
able 1. Among the 56 studies obtained (2 per subject), tech-
ical quality was good in 43%, sufﬁcient or just sufﬁcient in
7%; the rate of exam rejection (due to poor quality) was
pproximately 8%.
In preliminary analyses, QRS duration correlated with
V delay (r = 0.69, p < 0.01), with EF (r =−0.66, p < 0.01),
nd with Ts-SD (r = 0.50, p < 0.05), but not with Ts-peak
nd Ts-onset (all −0.3 < r < 0.3, all p > 0.2). EF correlated
nversely with VV delay (r =−0.40, p < 0.01) and with Ts-SD
r = 0.39, p < 0.05), but not with Ts-peak and Ts-onset (all
0.3 < r < 0.3, all p > 0.05). VV delay correlated moderately
ith Ts-SD (r = 0.51, p < 0.01), but not with Ts-peak and Ts-
nset (all −0.3 < r < 0.3, all p > 0.1).
.1. Test—re-test reproducibility, intra-reader,
ntra- and between-study, according to intraclass
orrelation coefﬁcients
ntra-study (between-readings) and between-study test—re-
est reproducibility of parameters of electromechanical
yssynchrony was between fair and good (Table 2), and
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Table 3 Between-reading differences of echocardiographic parameters and their limits at 80% and 90% conﬁdence intervals.
Parameters Re-R1—R1 mean difference
(5th, 10th, 90th, 95th
percentile of the difference
between-reading intra-studies)
R2—R1 mean difference (5th,
10th, 90th, 95th percentile of
the difference between
studies)
Ts-SD, ms −3 ± 10 (−24; −16; +9; +13) −2 ± 10 (−18; −14; +13; +17)
Ts-peak (anterolateral—inferior septal), ms 7 ± 30 (−62; −31; +40; +60) −1 ± 23 (−45; −31; +32; +50)
Ts-onset (anterolateral—inferior septal), ms 6 ± 17 (−25; −12; +32; +36) −16 ± 32 (−98; −71; +71; +38)
Ts-peak (anterior—inferior), ms 3 ± 18 (−26; −20; +21; +36) −2 ± 29 (−40; −31; +21; +74)
Ts-onset (anterior—inferior), ms −5 ± 18 (−76; −33; +16; +21) 1 ± 22 (−58; −24; +25; +29)
LV pre-ejection time, ms −1 ± 8 (−11; −8; +9; +18) −1 ± 9 (−17; −10; +10; +16)
RV pre-ejection time, ms 2 ± 7 (−10; −8; +11; +19) 0 ± 8 (−11; −8; +10; +19)
VV delay, ms −3 ± 10 (−26; −14; +14; +17) −1 ± 12 (−30; −15; +15; + 17)
LVIDD, cm 0.0 ± 0.2 (−0.4; −0.3; +0.3; +0.4) 0.0 ± 0.2 (−0.5; −0.4; +0.2; +0.3)
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Data in table are mean± standard deviation of between-readings d
readings difference. Abbreviations as in Table 2.
was close to that observed for repeated assessments of
LVIDD and EF. However, on average, reproducibility was
superior for COLOR-DTI and PW-DTI parameters. In partic-
ular, reproducibility of Ts-onset (septal-anterolateral) and
Ts-onset (inferior—anterior) between studies was poorer
compared to between-readings intra-study (all p < 0.05).
Assessment of LV pre-ejection time was more reproducible
than that of RV pre-ejection time. Reproducibility of assess-
ment of maximum LV basal electromechanical delay by
PW-DTI was relatively good in intra-study (4± 38ms in R1
vs. 6± 41ms in re-R1, intraclass correlation coefﬁcient and
its 95% conﬁdence interval 0.83, 0.66—0.94), but was sub-
optimal in between-study (−12± 37ms in R2, intraclass
correlation coefﬁcient and its 95% conﬁdence interval 0.60,
0.22—0.75).
Conﬁdence limits of intra-reader, between-study
and intra-study variability
Bland—Altman method excluded systematic errors in reading
procedures (all Pearon correlation coefﬁcients comprised
between −0.2 and 0.2, all p > 0.5, data not shown). In
Table 3, it may be appreciated that 80% and 90% conﬁdence
intervals of the differences reading-by-reading were slightly
wider in between-study than in intra-study.
s
S
(
(
Table 4 Between-readings agreement of parameters of inter- an
Given data by R1
VV delay TS-SD
Cut-points ms >40 ≤40 >33 ≤33
Conﬁrmed by re-R1 78% 94% 85% 88%
Kappa (p) 0.74 (<0.001) 0.67 (<0.005)
Conﬁrmed by R2 78% 94% 95% 88%
Kappa (p) 0.74 (<0.001) 0.83 (<0.001)
Abbreviations as in Table 2.6; +7; +13) 2 ± 6 (−8; −7; +11; +12)
ences, and limits of 90% and 80% conﬁdence intervals of between-
eclassiﬁcation rates of signiﬁcant
lectromechanical delay due to observed
ariability
s reported in Table 4, for each parameter, agree-
ent between R1 data re-R1 and R2 data was relatively
ood. Those data were consistent among patients with
RS≥ 120ms and EF≤ 35% (data not shown). How-
ver, agreement between Ts-onset and Ts-peak (septal-
nterolateral) was suboptimal (Fig. 1, intraclass correlation
oefﬁcient = 0.04, 95% conﬁdence interval −0.23, +0.36);
n fact, of the patients with Ts-peak (septal-anterolateral)
60ms, only one had Ts-onset (septal-anterolateral) >60ms,
hereas of the patients with Ts-peak (septal-anterolateral)
60ms, 100% also had Ts-onset (septal-anterolateral)
60ms (Kappa = 0.1, p =NS). Agreement between Ts-
D > 33ms and Ts-peak (septal-anterolateral) >60ms was
lso poor (Kappa = 0.19, p =NS).
imulation of the impact of reproducibility on
creening for cardiac-resynchronization therapy
eventeen subjects showed large QRS and EF ≤35% by R1
Fig. 2A). Of those, EF by R2 yielded a reclassiﬁed rate of 29%
in all cases comprised between 36% and 44% by R2); a sig-
d intra-ventricular dyssynchrony.
Ts-peak-
(anterolateral—inferior
septal)
Ts-onset-
(anterolateral—inferior
septal)
>60 ≤60 >60 ≤60
93% 92% 100% 100%
0.86 (<0.001) 1 (0.000)
80% 100% 100% 100%
0.79 (0.002) 1 (0.000)
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Figure 1 Scatter plot of mean values between Ts-peak and
Ts-onset (anterolateral—inferior septal) by reading 1 plot-
ted against the difference between Ts-peak and Ts-onset
(anterolateral—inferior septal). For greater electromechani-
cal delay (higher mean values), the difference between the
color-coded Doppler tissue-velocity and by pulsed-Doppler tis-
sue spectrum (PW-TDI) methods became wider due to the fact
that electromechanical delay tend to be underestimated by
PW-TDI method, while the opposite phenomenon occurred for
small values of electromechanical delay between inferior inter-
ventricular septum and the anterolateral wall. Ts-peak, time
between the peak of the myocardial systolic wave by color-
coded tissue Doppler imaging at the basal myocardial segments
of opposite walls; Ts-onset, difference between QRS-onset-to-
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Figure 2 (A) Rate of reclassiﬁcation by re-R1 and R2 of R1
assessments of QRS duration, EF, Ts-peak (septal-anterolateral)
and VV delay, within subjects pre-selected by QRS≥ 120ms and
EF≤ 35% based on R1 data. (B) Rate of reclassiﬁcation by re-R1
and R2 of R1 assessment of QRS duration, EF, Ts-peak (septal-
anterolateral) and VV delay, within subjects pre-selected by
QRS≥ 120ms and Ts-peak (septal-anterolateral) based on R1
data. R1, data from ﬁrst reading of the ﬁrst exam; re-R1, data
from re-readings of the ﬁrst exam; R2, data from readings of the
second exam; Ts-peak, time between the peak of the myocar-
d
b
e
l
t
0
p
Lyocardial-systolic-wave onset by pulsed wave tissue spectral
oppler sampled at the basal myocardial segments of opposite
alls.
iﬁcant septal-anterolateral electromechanical delay was
ound in approximately 71% by R1, conﬁrmed in 77% by re-
1, and in 59% by R2; similarly, a signiﬁcant inter-ventricular
yssynchrony was found in 47% by R1, re-R1, and R2 data.
By a different approach, 12 subjects were selected
y large QRS and Ts-peak (septal-anterolateral) >60ms
Fig. 2B); in those, Ts-peak (septal-anterolateral) >60ms was
ot conﬁrmed in 17% by R2. EF, which was ≤35% by R1 in
00% of the selected 12 subjects, and conﬁrmed in 92% by
e-R1, was between 36% and 44% by R2 in approximately
/12. Interestingly, signiﬁcant VV delay was found in approx-
mately 4/12 of the subjects pre-selected by large QRS and
s-peak (septal-anterolateral) >60ms.
With more stringent selection criteria applied, i.e.
RS≥ 120ms, EF≤ 35%, VV delay >40ms, and Ts-peak
anterolateral—inferior septal) >60ms at R1, 5 subjects
ere selected; in those, EF was between 36% and 45% in
/5 by R2, whereas the rate of reclassiﬁcation was 0% for
RS≥ 120ms, 1/5 for VV delay >40ms, and 1/5 for Ts-peak
anterolateral—inferior septal) >60ms (Fig. 3).etween-reader variability in assessment of inter-
nd intra-ventricular dyssynchrony
iving results of intra-reader test—re-test reproducibility,
he focus of set of re-readings by a second reader was
a
w
p
f
−ial systolic wave by color-coded tissue Doppler imaging at the
asal myocardial segments of opposite walls; EF, left ventricular
jection fraction by Simpson’s method.
imited to VV delay, Ts-peak (anterolateral-inferior sep-
al), LVIDD, and EF. Intraclass correlation coefﬁcients were:
.86 (0.72—0.93) for VV delay; 0.92 (0.84—0.96) for Ts-
eak (anterolateral-inferior septal); 0.82 (0.64—0.91) for
VIDD; 0.89 (0.78—0.95) for EF. Mean, standard deviations
nd 80% conﬁdence intervals of between-reader difference
ere: for VV delay: −1± 13ms, −16/+18ms; for Ts-
eak (anterolateral-inferior septal): 8± 30ms, −31/+51ms;
or LVIDD: −0.1± 0.6 cm, −0.3/+0.4 cm; for EF: 3± 8%,
8/+11%.
Test—re-test reproducibility of Doppler echocardiography for ass
Figure 3 Rate of reclassiﬁcation by R2 of subjects who by
R1 had QRS duration ≥120ms, EF≤ 35%, VV delay >40ms, and
Ts-peak (anterolateral-inferior septal) >60ms. Gray bars repre-
sent % of reclassiﬁcation; the absence of the bar associated with
QRS <120ms is due to no reclassiﬁcation of large QRS between
R1 and R2 in the subgroup. R1, data from ﬁrst reading of the
ﬁrst exam; R2, data from readings of the second exam; Ts-
peak, time between the peak of the myocardial systolic wave
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Discussion
Our study showed that the reproducibility of Doppler
echocardiography for the assessment of electromechanical
dyssynchrony can be fairly good for parameters such as
VV delay, Ts-SD, and Ts-peak (septal-anterolateral), and
substantially comparable to that observed for serial assess-
ments of LVIDD and of EF. This implies that standardization
of echocardiographic procedures may reduce variability
between readers, as shown previously for the assessment of
LV mass and for Doppler parameters of LV diastolic function
[21,34], which may have implications for heart failure
clinics.
In fact, ﬁndings summarized in Fig. 2A and B showed
that in single patients with large QRS, assessment of EF
for patients’ classiﬁcation may be a source of variability
more relevant than Ts-peak (septal-anterolateral), which
identiﬁes possible targets for resynchronization therapy.
Moreover, planimetry for EF assessment remained a rel-
evant source of variability for patient classiﬁcation even
when combined with Doppler echocardiography and large
QRS duration (Fig. 3), suggesting that a multi-parametric
approach may actually reduce drastically the number of
candidates to cardiac-resynchronization therapy [35], with-
out improving the reliability of the method for patients’
classiﬁcation.Our results also reinforce the notion that Ts-peak (septal-
anterolateral) has the potential to add useful information
for patient selection for cardiac-resynchronization therapy.
Response to cardiac-resynchronization therapy among
patients with QRS between 120 and 149ms and EF≤ 35%
s
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s less convincing than in those with QRS≥ 150ms [8], and
ardiac-resynchronization therapy appears to be effective
or the prevention of symptomatic congestive heart failure
20]. In our study, large QRS duration essentially predicted
epressed EF and inter-ventricular dyssynchrony; in addi-
ion, longer VV delay tended to predict global intra-LV
yssynchrony (i.e. wider Ts-SD) but not speciﬁc intra-LV
argets for resynchronization therapy, as expected [36—38].
n clinical practice, measures of intra-LV dyssynchrony
re useful for identiﬁcation of crucial targets for cardiac-
esynchronization therapy [19], measuring the efﬁcacy of
esynchronization [15], and re-assessment of nonresponders
20]. To such an extent, therefore, test—re-test repro-
ucibility of echocardiography is a key factor. Fig. 2A and
suggests that in terms of reliable patient classiﬁcation,
ombination of large QRS with depressed EF appears to be
otentially less effective than combination of large QRS
ith signiﬁcant intra-LV dyssynchrony. In fact, in the case
f combination of large QRS and depressed EF, of the 17
ubjects identiﬁed, 29% had EF >35% by re-evaluation, but
nly approximately 2/3 showed signiﬁcant intra-LV target
or resynchronization therapy. In a different scenario, com-
ination of large QRS with Ts-peak (septal-anterolateral)
60ms identiﬁed 12 subjects (5 less than in the previous
cenario); in those, signiﬁcant intra-LV target for resynchro-
ization therapy was conﬁrmed in 83% by R2. Interestingly,
f those 12 subjects, more than 90% also had EF≤ 35% by R1
nd re-R1 data, whereas when EF was re-evaluated, it was
onﬁrmed to be ≤35% in approximately 60%, and EF was
etween 36% and 44% in the remaining 40%. Considering
hat random ﬂuctuation of test—re-test estimation of EF
y R2 ranged between −7% and +11% from any given value
btained in R1 (Table 3), ﬁndings shown in Tables 2 and 3
re not surprising, and suggest that in ‘‘real word’’ sub-
ects with EF = 30% by R1 may show an EF value ranging
etween 23% and 41% by a re-evaluation within 24 h due to
ariability of the method. Our data are additive to those
eported in the PROSPECT, because our data are referred
o test—re-test evaluation and not only to re-readings of a
ingle study. A future challenge would be to evaluate which
trategy may be more cost-effective, the one that might
ely on the use of more stringent cut-points (EF≤ 30% and
RS > 130ms, for instance) to potentially reduce the impact
f the variability of the method for patient selection and
isk not to deliver an appropriate therapy to a signiﬁcant
roportion of patients, or in alternative a second one
onsidering combination of large QRS with speciﬁc iden-
iﬁcation of targets for cardiac-resynchronization therapy
i.e. measures of signiﬁcant electromechanical delay) to
ropose cardiac-resynchronization therapy.
Another practical aspect touched on by our study is
he one related to the use of echocardiography for serial
ssessment of patients and/or for device optimization.
hen groups of patients are compared, even relatively
mall between-group mean differences may be statistically
igniﬁcant with large sample size and small standard
eviations. However, in standard clinical practice, data
hown in Table 3 are a useful guide because they suggest
hat VV delay assessed in a single subject in two studies
ay range between −15 and +15ms at 80% conﬁdence
nterval independent to operators. The ﬁnding implies that
difference in VV delay between two consecutive studies
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hould exceed 15ms (in either direction) in order to have
ess than 10% likelihood to be a random effect as opposed
o a therapeutical effect. Similarly, the range of variability
etween two consecutive assessments of EF in a single
ubject may range between −7% and +11% at 80% conﬁdence
nterval intra-reader. Thus, a patient with EF = 35% and a VV
elay of 40ms may show an EF between 28% and 46% and
VV delay between 25 and 60ms in a second evaluation
ithin 24 h just by chance with a conﬁdence interval of
0%. This may be important when patients are re-evaluated
or lack of response to cardiac-resynchronization therapy,
r for device optimization.
tudy limitations
he present study is based on data from a single cen-
er, and single technology, which may be considered ‘‘best
cenario’’. However, our clinical scenario reﬂects classic
linical practice, and may be used for reference. Our study
s based on 28 subjects selected not consecutively but ran-
omly, which may be considered a small population sample;
evertheless, we actually obtained 56 studies, and 3 sets of
eadings (i.e. 84 readings) from a ﬁrst reader, and additional
8 readings from a second reader; thus, to the best of our
nowledge, this is the largest dataset in which test—re-test
eproducibility of Doppler echocardiography for LV dyssyn-
hrony has been evaluated. In our study, reading procedures
ere standardized and pre-speciﬁed as a fundamental part
f the echocardiographic protocol, as in previous studies
21—23,34]; it is likely that such an approach contributed
o reducing intra-reader between-reading and between-
eader variability, such as in the case of multiple peak
ystolic velocity in myocardial regions detected by COLOR-
TI modality; however, whether our method yielded good
est—re-test reproducibility may also result in greater
eliability of COLOR-TDI in identifying responders to cardiac-
esynchronization therapy needs to be tested. Nevertheless,
t is worth noting that when standardized methodology is
sed to identify signiﬁcant intra-ventricular dyssynchrony
nd acute response to resynchronization therapy, COLOR-TDI
as found to be highly reliable in predicting responders to
ardiac-resynchronization therapy [15]. Our study included
atients with normal EF and short QRS as well as those with
epressed EF and large QRS duration to avoid bias introduced
y truncated statistical distributions. The present study did
ot examine speckle-tracking data for assessment of novel
arameters of electromechanical dyssynchrony [39], which
re much less available in common echo-laboratories com-
ared to traditional and COLOR-DTI.
onclusions
eproducibility of echocardiography for serial assessments
f inter-ventricular and intra-LV dyssynchrony may be good
nd comparable to that for serial assessments of LV size and
F by planimetry. Combination of prolonged QRS duration
ith depressed EF and signiﬁcant cardiac electromechani-
al dyssynchrony did not limit the impact of variability of
F on patients’ classiﬁcation in serial studies, but reduced
igniﬁcantly the number of possible candidates to resynchro-
ization therapy. In contrast, combination of QRS duration
[V. Palmieri et al.
ith signiﬁcant intra-LV dyssynchrony showed good test—re-
est reproducibility, identiﬁed a large part of subjects with
igniﬁcantly reduced EF, and did not reduce excessively
he number of patients who were candidates for cardiac-
esynchronization therapy. Future studies are needed to
valuate which strategy for patient selection for cardiac-
esynchronization therapy may be more cost-effective.
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